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The results of a search f¥ boson pair production ipp collisions aty/s= 1.8 TeV with subsequent decay
toew, ee anduu channels are presented. Five candidate events are observed with an expected background of
3.1+ 0.4 events for an integrated luminosity of approximately 97*phimits on the anomalous couplings are
obtained from a maximum likelihood fit of thE; spectra of the leptons in the candidate events. Assuming
identical WWy and WWZ couplings, the 95% C.L. limits are-0.62<Ax<0.77 \=0) and —0.53<\
<0.56 (Ax=0) for a form factor scalé\ =1.5 TeV.[S0556-282(98)50117-§

PACS numbes): 14.70.Fm, 13.40.Em, 13.40.Gp, 13.85.Rm

Gauge boson self-interactions are a direct consequence ahd on anomaloug/WZ couplings[4—8]. Measurements of
the non-AbeliarSU(2) X U(1) gauge symmetry of the stan- these couplings have also been reported by the CERN
dard modelSM). By studying gauge boson pair production, collider LEP Collaboration§9].
direct measurements of the trilinear gauge boson coupling The WWy andWW Zvertices can be described by a gen-
strengths can be obtained. Hadron collider experiments haweral effective Lagrangiall0] with two overall coupling con-
established the electromagnetic coupling of Weboson to  stantsgyww,= —€e and gywz= —€ cot &, (wheree is the
the photor{1-3] and the existence of the coupling betweenW™ charge andj, is the weak mixing angeand six dimen-
theW boson and th& boson[4—8|. These same experiments sionless coupling parameteg%f, ky, and\y (V=1 or Z),
have placed constraints on anomal®gVy couplings1-8]  after imposingC, P, and CP invariance. Electromagnetic
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gauge invariance requires thgf= 1. The effective Lagrang- verse energ¥>15 GeV. The integrated luminosity for this
ian becomes that of the SM wheyj = gf:l, ky=1 (Aky sample is 82.34.4pb L. The uu sample is selected from
=xy—1=0), andAy=0. In order to preserve unitarity at €vents passing a trigger which requires at least one muon
high energies, the anomalous couplings are modified by forrifack in the fiducial region ofy|<1.0 with pr>15 GeVk,

factors with a scaleA [e.g., A\y(8)=\y(0)/(1+8/A2)2]. energy deposition in the calorimeter consistent with the pas-

Limits on these coupling strengths are usually obtained unS@d€ Of @ muon, and no hits due to cosmic ray muons in the

der the assumption that th&Wy and WWZ couplings are scintillator !oca_ted outsi_de of the muon chamblers. The inte-
equal(g]=g%=1, Ax,=Arkz, and\,=)\), leaving two in- grated luminosity for this _samp_lt_a is 63-3.5 pp 3
dependent couplings to be determined. In another approach Isolated electrons arelldentmed using a I|kel|hqod func-
[11], the anomalous couplings are formulated in a frameworkion formed from four variables: the electromagnetic energy
that explicitly respects th&U2)xU(1) gauge invariance, fraction of the calorimeter cluster, the of longitudinal and
but contains more general terms than those of REd]. transverse shower shapes compared to test-beam and Monte
Comparison of the two formalisms leads to simple equation€&arlo electrons, the ionization energy depositidiE{dx) in
(HISZ relations that relate anomalous couplings in the gen-the central tracking detector associated with the matching
eral effective LagrangianzsxzzAKy(l—tan2 6/2, Ags  track, and the distance between the projected track position
=Ak,/2 cog 6y and,= A, and the centroid of the energy cluster at the calorimeter. This
In this paper we present the results of a searchpfpr likelihood function is used to discriminate between electrons

CWWE X /7 o+ X at J5=1.8 TeV, where/,/'—e and photon conversions, photon s_howers over!apped with a
or w. Limits on anomaloutVWy and WWZ coupli}wgs are charged hfadron track, and haQromc_ shoyv_ers_wnh Ia_rge elec-
obtained for both the equal couplings and the HlSZtrqmagnetlc conte_nt. For a given |dent|f_|cat_|on efﬂmency,
(Hagiwara-Ishikawa-Szalaski-Zeppenfeldelations by a th|s method provides a background _rejectlon 2—.3 .tl!'nes
maximum likelihood fit of the observed two-dimensional Nigher than a method that places requirements on individual
spectra of lepton transverse enery. This method pro- Vvariables[13]. In the central region|»|<1.1, the electron
vides tighter limits on anomalous couplings than those fronfletection efficiency is (59:80.8)%; in the forward region,
the measurement of the cross sectifi7]. The Ww  1.5<|7[<25, itis (47.1-1.4)%.
— /7" v channel has significantly less background, albeit Muons are required to have associated hits in at Ieast'two
with a smaller branching ratio, and is more sensitivagy ~ ©f the three layers of the muon syste{n. They must be iso-
production with the SM couplings than thevwwz lated from jets[AR(u.jet)>0.5 for Ef>10 GeV, where
AR(u,jet) is the separation between muon and jetyip
spacé and have energy deposition in the calorimeter consis-
tent with a minimum ionizing particle. The muon track is
The data sample corresponds to an integrated Iuminositgf(?qu"ed fo point fo the primary event vertex within 25 em in
e plane transverse to the beam and to occur at a time, as

of approximately 97 pb collected with the DOdetector m ) s ;

; ) easured by the PDT's, within 200 ns of the beam crossing.
d;mlgg th.? éggrzh—% ancﬂ[ 19b93_3995 tﬁvatgzgzcogggé rgnﬁ'he muon detection efficiency is (7@:B.1)% within the
at Fermilab. The results based on the - a . . .
sample of approximately 14 pb were previously reported fiducial acceptance dfy|<1.0 employed in this analysis.

[5,8]. This paper describes the analysis of the 1993—199 The ee candidate events are selected by requiring the
data sample and gives the combined results from the tweading electron to havBr=25 GeV and a second electron
analyses. to haveE+=20 GeV. Thek is required to exceed 25 GeV.

The DOdetector{12] consists of three major components: Background from events with highr Z bosons is reduced
the calorimeter, tracking, and muon systems. A hermeticdy removing events with dielectron invariant mass within
compensating, uranium-liquid argon sampling calorimeterl5 GeVk? of the Z boson mass. Theu candidate events
with fine transverse and longitudinal segmentation in projecare selected by requiring an electron with=25 GeV and a
tive towers measures energy out|tg~4.0, wherey is the ~ muon withpr=15 GeVk. We requireE$*=25 GeV(where
pseudorapidity. The central and forward drift chambers ar&%a' is E¢ calculated using only the calorimeter and is not
used to identify charged tracks fom|<3.2. There is no affected by the muon momentum resolufioand E;
central magnetic field. Muons in the central region are iden=20 GeV. An isolation conditionAR(e,x)=0.5, where
tified and their momenta measured with three layers of proAR(e,u) is the separation between electron and muon in
portional drift tubes(PDT’s), one inside and two outside of 7-¢ space, is applied to remove background from cosmic ray
magnetized iron toroids, providing coverage fgf<1.7. In  muons accompanied by a bremsstrahlung photon. Zhe
addition, scintillation counters mounted on the outer layer oftandidate events are selected by requiring a leading muon
PDT's provide time information for muon identification and with p;=25 GeVkt and a second muon withpy
cosmic ray rejection. =20 GeVk. The projection offt; onto the bisector of the

Event samples are obtained from triggers with the signamuon tracks in the transverse plane is required to exceed 30
ture of leptonicW boson decays. Theeandeu samples are  GeV in order to remove background fromboson produc-
selected from events passing a trigger which requires ation. This is less sensitive to the muon momentum resolution
electromagnetic cluster witir>20 GeV and missing trans- than a dimuon invariant mass requirement.

*}/ij//?jj channel. Therefore, limits obtained from this
analysis are complementary to those from WBMWZ

—>/vjj///_”jj analysed4,6].
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TABLE |. Detection efficiencies and SM signal event expecta- TABLE Il. Summary of backgrounds and candidates for the
tions for the 1993-1995 data sample. The uncertainties includ&993-1995 data sample. The units are number of events in the data
both statistical and systematic contributions. sample. The uncertainties include both statistical and systematic
contributions.

Channel ee au yoyn
. — ee au o
Detection Efficiency(%) 6.03+0.36 4.76-0.49 1.19-0.18
SM Expectationfeventy 0.52-0.04 0.86-0.10 0.09-0.01 Background:
Z—eeor uu 0.27+0.06 - 0.39-0.09
Z—17 0.10-0.07 0.21-0.08 <1073
Drell-Yan dileptons 0.0320.04 - <103
. . . Wy 0.18£0.07 0.35:0.14 -
Additional cuts are applied similarly to all thrEe channels. — 013005 018006 0.02-001
To remove background frord— 77, and frombb produc- 1 yiierein+ jets 020:0.14 0.43028 0.030.01
tion in the uu channel, the transverse opening andld, 1. paciaround 091019 1.170.33 0.44-0.09
between one charged lepteghand &+ is required to be less 1 5 1

than 160°. This cut is applied to the second-leading electron a
in the ee channel, the muon in theu channel, and the
leading muon in thex channel. In addition, for thee and

eu channelsA ¢, is required to exceed 20°, and baif, o 5ccompanied by a muon that satisfies the isolation crite-

requirements are removed E;>50 GeV. Also, to reduce jo are measured from a large sample of events passing jet
background in all three channels framproduction, the had-  triggers. Events with larg&- are rejected from this sample
ronic E1 in the eventE®s — (Ef1+ E42+Eq), is required  to removeW+ jets events. For electrons, the misidentifica-
to satisfyEN*%< 40 GeV. After imposing these selection cri- tion probability is found to be a slowly rising linear function
teria, oneee candidate, twau candidates, and oneu can-  Of jet Er (3.7X107° at 20 GeV, 1.%10 * at 100 GeV in
didate remain. the central region; and 3510 ° at 20 GeV, 1.& 10 * at

The detection efficiencies fow boson pair production 100 GeV in the forward regionwhile for muons it is found
with SM and anomalous couplings are determined using & be constant(1.5x10°° for the eu sample and 1.5
fast Monte Carlo prograntthe Monte Carlo event generator X 10™* for the uu sample. The background estimates are
of Ref.[14] plus a parametric detector simulatjohe de- summarized in Table Il. Systematic uncertainties include
tection efficiencies for SMV boson pair production are also those listed above as well as the uncertainty on the produc-
calculated using theyTHIA [15] event generator followed by tion cross section of the background processes.
a detailedcEANT [16] simulation of the DQdetector and are The number of candidate events, four in the 1993-1995
found to agree with those determined from the fast Montedata sampléfive when the 1992-1993 data sample with one
Carlo. Trigger and particle identification efficiencies are de-ee candidate and 0:60.1 background events is includeds
termined from the data. The trigger efficiency for theand  consistent with an expected SM/W signal of 1.5-0.1
eu data samples is (qg)%, For theuu sample, the trigger (1.9+=0.1) events plus an estimated background o0
efficiency is (68.75.8)%. Table | shows the detection ef- (3.1=0.4) events. We have studied the stability of the results
ficiencies for SMW boson pair production events and the by relaxing some of the event selection requirements, e.g.,
number of expected events based on a cross section of 9.4 ﬁ?ad and dielectron invariant mass criteria. The increases in
[17]. The systematic uncertainty in the detection efficiencythe numbers of candidate and background events are found
comes from electrof2.2% and muon(7.5%) identification,  to be consistent with the expectations. An upper limit on the
electron(2.0% and muon(8.5% trigger efficiencies, and the W boson pair production cross section is calculated from the
difference between the detection efficiencies estimated withumber of the candidate events and the estimated back-
the two Monte Carlo method&%). Uncertainty due to the ground events using the Poisson-distributed number of
choice of parton distribution function and evolution scaleevents convoluted with Gaussian uncertainties on the detec-
(5%) is included in the uncertainty on the number of ex-tion efficiencies, background, and luminosity. For $¥bo-
pected events. son pair production, the upper limit for the cross section is

Backgrounds due to Drell-Yan dileptorid/y, tt, andz 371 pb at the 95% C.L. using the 1992-1993 and 1993-
boson production are estimated using RV&HIA, ISAJET[18] 1995 data samples. The probab|I|Fy that the observed num.ber
andHERWIG [19] Monte Carlo event generators, followed by Of events correspond to a fluctuation of the background, with
the detailedGEANT simulation of the DOdetector. Back- N Signal, is 20.6%. .
grounds due to higipy Z—ee and uu events are studied ~ BY Studying Er spectra of leptons fronW boson pair
using a Monte Carlo event generator based on the theoreticgndidates, limits can be obtained on the anomalbivsy
model of Ref.[20] and the parametric detector simulation. &ndWWZcouplings. Use of this kinematic information pro-
Backgrounds from multijet andW+jet events with a jet wdes significantly tighter constraints on anomalous cou-
misidentified as an electron and with heavy quark productioflings than those from the measurement of the cross section
of isolated muons are estimated from the data. The probabilithe method used in previoM§W— /7" vv' analyse$5,7]),
ties for a jet to be misidentified as an electron and for a jet tasince the predicted increase in the gauge boson pair produc-
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TABLE Ill. The binnings used in the maximum likelihood fitto < ] &
set limits on the anomalous couplings and the numbers of candidate 1 | () ¢qual couplings 1| (&) HISZ
. ~ - P —
events(background estimatefor the 1992—1993 and 1993-1995 / \ T
data samples.
. 0 0
eechannel (96.6:4.5 pb™") \_/
1, pe2 \_/ \¥54
ES\ES 20-40(GeV) 40-500(GeV) 1 1
25-40(GeV) 2 (0.50+0.10) -
40-500(GeV) 0 (0.35-0.07) 0 (0.220.06) -1 0 " -1 0 A
ew channel (96.24.5 pb'Y) oy
ET\Ef 15-40(GeV) 40-500(GeV) FIG. 1. Limits on anomalous couplings foxr=1.5 TeV: (a)
25-50(GeV) 2 (0.95+0.27) 0(0.16:0.05) Ak=Ak,=Akz, A=\, =\z; and (b) HISZ relations. The solid
50-500(GeV) 0 (0.16+0.05) 0 (0.16:0.05) circles correspond to 95% C.L. one-degree of freedom limits from
wu channel (77.43.6 pb'h) the fit of theE+ spectra of leptons. The inner and outer curves are
E#l\ E#z 20-40(GeV) 40-500(GeV) 95% C.L. two-degree of freedom exclusion contour and the con-
25-40(GeV) 1 (0.08+0.02) - straint from the unitarity condition, respectively. Monte Carlo sta-
40-500(GeV) 0 (0.18+0.04) 0 (0.26:0.05) tistics limit the accuracy of the contours t00.01.
—0.62<Ak<0.77(\=0);
tion cross section with anomalous couplings is greater at —0.53<A<0.56(Ax=0).

higher gauge bosop;. A binned maximum likelihood fit is i . o
performed to the measured spectragfof the two leptons !N Fig. 1(b), the HISZ relation411] are used. Limits at the
in the event. Two-dimensional bins B of one lepton ver- 99% C.L. forA=1.5 TeV using the HISZ relations are:

sus E; of the other lepton are used in order to take into —0.92<Ak.,<1.20(\,=0);
account the correlation between the two leptons in the event. ' [ L
The binnings used in the fit are shown in Table Ill. The —0.53<\.,<0.56(Ak.,=0)

. ,<0. ,=0).

probability for the sum of the background estimate and

Monte CarloWW signal prediction to fluctuate to the ob- The solid circles correspond to the 95% C.L. limits when
served number of events is calculated in each bin for a giveonly one coupling is treated as a free parameter. The inner
set of anomalous couplings. The uncertainties on the baclcurve is the 95% C.L. contour when both of the couplings
ground estimates, efficiencies, integrated luminosity, andire free parameters. With=2 TeV, limits on the anoma-
theoretical prediction of th&/ W production cross section are lous couplings slightly improve to-0.60<Ax<0.73 (
convoluted with Gaussian distributions into the likelihood =0) and—0.50<A<0.53 (Ax=0) for the equal couplings
function. The likelihood functions are calculated for theand —0.87<Ax<1.13 (\=0) and —0.50<A<0.53 (A«
1992-1993 and 1993-1995 data samples separately and ard)) for the HISZ relations. But the unitarity constraints
combined taking into account correlated uncertainties, whichvith A=2.0 TeV are significantly tighter than the experi-
include the uncertainty on the measured integrated luminognental limits. If we were to use the quadrupole form factors
ity (5.3%), the uncertainty due to the difference between thdnstead of the dipole form factors, the limits would improve
detection efficiencies estimated with the two Monte CarloPY @ few percent. All of the limits obtained in this analysis
methods(5%), and the uncertainty on the theoretical predic-2r¢ comparable to those obtained from the analysis of
tion of W boson pair production cross section due to theWW/WZ_’eV” events|6] - _
choice of parton distribution function and evolution scale In summary, a search faWW—//"vv" in pp collisions
(5%). Limits are also calculated using a different setsgf ~ at Vs=1.8 TeV is performed using the 1992-1993 and
bins, in which the first four bins are 10 GeV wide and the 1993-1995 data samples. In approximately 97 'pbf data,

fifth bin extends to 500 GeV i+, and found to agree with five candidate events are found with an estimated back-
the results described in this paper within 0.02. ground of 3.1 0.4 events. From the standard model, 1.9

+0.1 events are expected. The number of observed events is
consistent with the standard model prediction plus back-
ground estimate. The 95% C.L. limits on the anomalous cou-
églings for A=15TeV —0.62<Ax<0.77 (A\=0) and

The WW production process involves th&/Wy and
WWZ couplings, unlike theNy production process which
depends only on th&/Wy couplings. Limits on anomalous

c_ouplmgs are obtained using two assump_tlons on the rel —0.53<\<0.56 (Ax=0) are obtained from a binned maxi-
tionship between th&/Wy and WWZ couplings. Figure 1 S : .
.mum likelihood fit of theE; spectra of leptons, assuming

shows bounds on anomalous couplings from this analysi :

and from the unitarity conditiohl4,21] usingA=1.5 TeV. gquaIWWy andWW2z couplings.
In Fig. 1(a), the values fodk and\ are assumed to be equal
for the WWy and WWZ couplings. Limits at the 95% C.L. We thank the staffs at Fermilab and collaborating institu-
for A=1.5 TeV, when\ or Ak is set to zero, are: tions for their contributions to this work, and acknowledge
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